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RADIAL- HI  AM  TUT  I LIT  IRON  BLAM  ANALYSIS 


SLOT  I ON  I.  INTRODUCTION 

A.  Statement  o f the  Problem 

Although  it  is  still  in  the  research  stage,  the  radial 
beam  t rave  1 i ng- wave  tube  amplifier  (RBTWT)  has  shown  consul 
erable  promise  as  a compact,  broadband,  low  voltage  and 
high-gain  microwave  amplifier.  The  particular  geometry  of 
this  device  makes  it  possible  to  draw  high  current  from  the 
cathode  at  low  cathode  current  density  and  to  use  the  printed 
circuit  type  of  slow-wave  circuit  to  reduce  the  overall  cost 
in  even  limited  production. 

Analytical  studies  of  the  RF  behavior  have  been  pub- 
lished assuming  sinal  1 - s ignal  conditions  by  Savel'yev  and 
Kushenko,*  Molyavko  et  a 1 . , “ and  Putz  and  Scott.  * A large- 
signal  computer  simulation  program  has  been  developed  by 

4 

Kooye.s  and  Shaw.  The  experimental  tube  built  by  Savel'yev 
and  Kushenko^  has  a low  power  output  of  50-100  mW.  The 
Varian  tubes  built  by  Putz  and  Scott'"*  operated  at  much  higher 
power.  However,  low  beam  transmission  and  oscillation  prob- 
lems prevented  them  from  being  able  to  operate  the  tubes  at 
high  current  levels.  furthermore,  the  computer  analyses 

1.  V.  S.  Savel'yev  and  G.  I.  Kushenko,  Radio  ling,  and  liL.cc- 
tronic  Phvs.  , vol.  15,  No.  12,  up.  2 2 6 7 2 2 7 2 ; ' 10  7 0 . 

2.  V.  1.  Molyavko,  et  al  . , Radio  ling,  and  Llectronic  Phys « 
vol.  1 6 , No.  8,  pp.  1530-1555;  1971. 

5.  .J . L.  Putz  and  A.  W.  Scott,  Report  LCOM  7.3  0148  L,  11. S. 

Army  I lectronics  Command,  lort  Monmouth,  N.J ; Sept.  1074. 
4.  G.  P.  Kooycrs  and  L.  K.  Shaw,  Final  Report  LCOM  74-0377-1 
II.  S.  Army  I lectronics  Command,  Fort  Monmouth,  N.l ; Nov.  10 


used  in  these  studies  did  not  utilize  the  most  up- 1 o date 
techniques  available  and  so  dielectric  boundaries  were  nog 
1 cc  t ed . 

In  order  to  avoid  costly  experiments  later,  there  i ; 
a clear  need  to  develop  an  electron  gun  analysis  program 
to  facilitate  the  design  of  a reliable  electron  gun  and  mag- 
netic focusing  structure.  The  study  presented  in  this  report 
is  directed  to  that  objective. 

B . T op i c s of  In ves t i gat i o n 

The  purpose  of  this  study  is  to  formulate  designs  for 
an  electron  gun  and  a companion  magnetic  focusing  structure. 

A computer  program  has  been  utilized  to  solve  for  the  mag 
netic  field  strength  throughout  the  magnetic  focusing 
structure.  With  this  program,  the  required  magnetic  field 
can  be  shaped  by  varying  the  currents  in  sect i ona 1 i zed 
focusing  coils.  The  magnetic  field  calculated  is  then 
confirmed  by  direct  measurement  and  supplied  as  input  to 
the  Deformable  Mesh  fleet ron  Gun  Design  Program.  By  the 
aid  of  the  gun  design  program,  the  effect  upon  beam  trails 
mission  by  various  distributions  of  magnetic  fields  can  be 
easily  investigated.  The  sensitivities  of  the  total  current 
and  the  cathode  current  density  to  the  changes  in  the  loea 
tions  and  the  voltages  of  the  cathode,  anode  and  focusing 
electrodes  can  also  be  determined.  By  appropriately 
selecting  the  locations  and  voltages  of  electrodes,  the 
desired  beam  current  and  beam  power  can  be  realized. 


An  experimental  tube  with  spiral  Rl;  structure  replaced 
by  smooth  metal  conductors  has  been  built  based  on  the  results 
of  computer  analysis.  Measurements  have  been  attempted  to 
verify  the  theoretical  results.  However,  the  tube  failed  to 
operate  due  to  fabrication  problems  before  the  final  test  at 
full  beam  power  could  be  made.  A redesign  is  recommended  to 
overcome  these  problems. 

( : . Report  On; an  i zat  ion 

This  report  is  organized  into  several  sections.  In 
Section  II,  a brief  discussion  of  the  Deformable  Mesh  flee 
tron  Gun  Design  Program  is  presented.  The  details  of  this 
program  can  be  found  in  the  users'  manual. 

Section  III  is  devoted  to  the  description  of  the 
Deformable  Mesh  lilectromagnet  Design  Program.  This  program 
is  used  to  calculate  the  magnetic  field  strength  within  the 
focusing  structure.  This  section  also  reports  on  the  effort 
to  shape  the  magnetic  fields.  P.xper iment a 1 results  are  found 
to  agree  closely  with  the  theory  in  the  low  current,  low 
magnetic  field  cases.  Tor  high  magnetic  field,  saturation 
in  the  center  pole  piece  reduces  the  accuracy.  In  a redesign 
the  center  pole  piece  will  be  changed  to  eliminate  saturation 
effects. 

Section  IV  outlines  the  design  procedure.  It  offers 
methods  to  control  the  total  beam  current,  the  beam- filling 
factor  and  the  cathode  current  density.  It  also  investigates 
the  effects  of  locations  and  voltages  of  the  cathode  and 
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e 1 ect  rodes . 


Section  V describes  the  structure  of  the  electron  join 
and  explains  the  rationale  behind  the  configuration.  Ii 
also  discusses  some  special  features  in  the  fabrication. 

The  tube  consists  of  three  main  parts:  magnetic  focusing 

structure,  electron  gun  and  vacuum  chamber. 

In  Section  VI,  the  experimental  results  arc  discussed 
in  detail.  Recommendations  are  made  for  modifications  in 
the  fabrication  of  the  tube  which  will  eliminate  the  problems 
encountered  during  the  measurement  program. 

finally,  Section  VII  summarizes  this  study,  sets  out 
the  conclusions  and  offers  recommendations  for  future  stiulv. 


SIX'.  I ION  II. 
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A . 1 n t rod uc t ion 

Shared  Applications,  Inc.  (SAI)  lias  developed  advanced 
techniques  for  electron-gun  design  which  are  directly  appli 
cable  to  tlie  RBTWT  electron  gun.  The  Deformable  Mesh  I lection 
Cun  Design  Program  is  capable  of  accurate  and  rapid  evaluation 
of  an  initial  design  and  its  mod i f i ca t ions. 

The  rudiments  of  electron  gun  analysis  by  digital  com- 

5 - 1) 

puter  are  well  documented.  " Most  programs  map  the  geometry 
of  the  gun  on  a rectangular  mesh  bv  an  over re  1 axat  i on  tech- 
nique and  assume  an  initial  charge  distribution.  l.lcctron 
trajectories  arc  then  calculated  from  the  computed  potential 
distribution  to  obtain  more  accurate  values  of  the  space 
charge.  This  process  is  iterated  to  obtain  a self-consistent 
solution. 

The  SAI  Deformable  Mesh  electron  Cun  Program  uses  a 
similar  strategy  to  solve  a space- charge- 1 imi ted  beam  forming 
system.  However,  an  important  and  unique  feature  of  this 
program  is  its  use  of  a deformable  mesh  to  accurately  model 


the  true  physical  configuration,  an  approach  which  has 
proven  iar  superior  to  the  conventional  rec t angu I a r- mesh 
method.  Accuracy  is  greatly  increased  because  deformable 
mesh  points  are  adjusted  and  so  are  readily  placed  on 
physical  boundaries,  not  simply  near  them.  furthermore, 
mesh  points  can  be  concentrated  in  critical  regions  of  the 
gun  to  give  maximum  accuracy  where  necessary.  because  of 
the  ability  to  use  a high  mesh  density  only  where  it  is 
needed,  a typical  problem  will  require  fewer  points  using 
the  deformable  mesh  method  rather  than  the  rectangular 
mesh  method.  When  this  program  is  used,  a curved  cathode 
and  grids  may  lie  analyzed  easily. 

13.  General  Method 

The  basic  solution  procedure  is  out  I ined  in  the  I low 
chart  shown  in  I ig.  1.  The  method  of  solut  ion  is  summarized 
in  the  fo 1 1 ow i ng . 

1.  Generation  of  Deformable  Mesh.  Before  the 
simulation  can  be  started,  a mesh  must  be  generated  which 
outlines  the  geometry  of  the  gun  and  defines  the  position 
of  each  node.  The  boundaries  of  the  electron  gun  are  given 
as  input  data.  A satisfactory  method  can  be  derived  by 
formulating  the  zoning  problem  as  a potential  problem,  with 
the  mesh  line  playing  the  role  of  an  equ i pot  out i a 1 . The 
program  computes  the  positions  of  interior  points  by  solving 
the  following  Laplace's  equations  using  the  method  of  sue 
cess  ivc  ovcrrelaxat ion: 


(> 


3zr  3 ‘ r 

5 i ? 3i 2 


Here  r and  z are  the  actual  coordinates  of  each  node 
and  i and  j are  the  indices  of  the  node  on  the  coordinate 
ma]).  l.ach  mesh  point  is  connected  to  six  neighboring  mesh 
points.  The  terms  r and  z are  obtained  by  repeated  solo 
t i on  o f 
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where  n is  the  number  of  the  relaxation  steps,  r and 
are  the  coordinates  of  the  node  being  relaxed,  r.,  i=l,  .... 
6 are  six  surrounding  nodes  and  a is  an  over  re  1 axa  t i on  pa  ram 
eter.  When  the  difference  between  the  nth  and  (n+1 ) t h cal 
dilations  is  less  than  a certain  tolerance  for  all  nodes, 
the  solution  procedure  is  assumed  complete.  Because  of  the 
averaging  property  of  solutions  to  Laplace's  equations,  a 
mesh  constructed  in  this  way  is  quite  smooth 


Potent  i a 1 So  1 ut i on 


Poisson's  equation  can  be 


solved  for  the  potential  at  each  point  given  the  potentials 
on  the  boundaries  and  the  space-charge  density  at  each  mesh 
point.  Poisson's  equation  in  cylindrical  coordinates  with 


constant  0 is 
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where  V is  the  potential  and  S is  the  source 
at  ion  equa t i on  is 
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where  the  o represents  the  point  at  which  the  calculation  is 
made  and  i represents  the  six  neighboring  points.  The  term 
uQ  is  an  overrelaxation  parameter  and  n is  the  number  of 
relaxation  steps.  The  residual  (1  is  defined  as'1 
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i = 1 


Here  WT  is  a weighting  factor  between  neighboring  points 
PD  a,llJ  •’ : • Its  definition  can  he  found  from  Winslow'"  as 
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The  term  S is  defined  as 
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A.  M.  Winslow,  J.  Computational  Phys . , vol.  2,  pp.  149- 
172;  1967. 
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where  a j + ( | / > ) an^  ,'i  + (l/_’)  arc  1 *1(-'  quadrilateral  area  and 
space  charge  density,  respectively,  for  triangle  i+(l/2). 
The  term  S is  negative  for  electrons. 

figure  2 shows  the  quantities  0,0,  , r.,  r.  +), 

ri  1’  l>o  ani^  *’  j • 'he  term  t is  the  relative  dielectric 
constant  for  the  triangle  defined  by  r , r.  and  r.  , or  r. 

Poisson's  equation  is  solved  by  successive  overrelaxa- 
tion at  each  point  until  the  residual  (I  is  smaller  than  a 

o 

preset  value  for  every  point  of  the  mesh. 

3 . Cathode  Current  Dens  i ty  La  lculat  i on  . Nea  r t lie 
cathode  surface,  a thin  rectangular  mesh  is  established  bv 
the  program.  The  rectangles  are  assumed  to  be  essent  ially 
parallel  plate  diodes.  Thus,  the  cathode  current  density 
can  be  calculated  by  using  Child's  law: 


(10) 


whe  re 
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In  l.q.  11,  * is  the  permittivity  of  free  space  and  ri  is  the 
charge- to  mass  ratio. 

4.  Trajectory  liquations.  Given  the  electric  and  mag 

netic  fields,  the  trajectories  of  sample  elections  are  found 

by  solving  the  l.orentz  force  equation.  The  equation  in  a 

cylindrical  coordinate  system  (r,  0,  z)  with  an  azimuthal  mag 

net ic  field  can  be  expressed  in  terms  of  the  field  components 
8 

a s 


1 o 


triangle  i + ( 1/2) 


r = 0 axis 
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and 


dt 


( r 2 6 ) = T)  r ( r B z B ) 
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The  program  accepts  values  of  B on  the  z - 0 axis  a 
input  data  from  which  B„  can  be  computed.  If  B = V x A, 
then  it  can  he  shown  that 
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The  electric  fields  can  he  calculated  from  the  follow- 
ing equation  given  the  potentials  at  each  node: 

IT  = - VV  . (17 

Suppose  an  electron  at  I'  has  a nearest  node  o as  shown 
in  fig.  3.  liquation  17  can  be  expressed  as 
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This  procedure  cun  he  found  in  the  Scientific  Subroutine 
Package  of  the  IBM  computer  system.* 


*The  reader  is  referred  to  subroutine  MI.SQ  which  can  he  found 
in  International  Business  Machines  Corporation  "IBM  Syst  em/500 
Operating  System  I’l/I  Language  Specifications,"  S300-2”,  l ' 2 S 
0571-4,  IBM  Programming  Systems  Publications,  Avenue  ol  the 
America,  New  York;  1906. 


After  the  force  on  the  electron  has  been  computed, 
Newton's  second  law  may  be  integrated  to  give  the  next  pos i 
t i on  of  the  electron.  Continuation  of  this  procedure  pro 
duces  the  trajectories  of  the  electron  beam. 

C . Description  of  the  Program. 

To  run  the  program  the  user  must  supply  as  input  the 
voltages  of  the  cathode  and  electrodes  as  well  as  the  tube 
dimensions.  The  coordinates  of  all  boundary  points  have  to 
be  ass i gned . 

The  output  consists  of  linepr inter  output  for  numerical 
results  and  incremental  plotter  output  to  aid  visualization 
and  interpretation  of  these  results.  The  plots  display  the 
f o 1 lowing: 

1 . Mesh 

2.  electron  trajectories 

3 . Hqu i pot  en t i a 1 s 

4 . Magnet i c field 

5.  Cathode  current  density 

b.  Current  densities  at  selected  radii, 
lor  details,  an  example  run  is  included  in  the  users'  manual 
prepared  along  with  this  report. 

The  results  of  a run  may  be  saved  on  and  later  read  from 
a disk  file.  The  positions  and  velocities  of  electrons  from 
the  gun  program  may  be  saved  to  provide  initial  conditions  to 
an  Rl  interaction  program.  An  effective  kl  interaction  pro- 
gram must  treat  both  Rl  fields  and  space-charge  fields  as  well 
as  the  actual  radially  varying  r-  and  z-componcnts  of  the  mag 
net  it  focusing  field. 


SECTION  III.  DESIGN  AND  FABRICATION  OF  MAGNETIC 
FOCUSING  structure: 

A . I nt  roduc  t io n 

The  rad  i a 1 - beam  t ravel i ng- wave  tube  requires  a magnetic 
field  in  the  direction  of  motion  in  the  same  way  as  a linear 
beam  tube  in  order  to  prevent  spreading  and  RF-circuit  inter 
ception  through  space-charge  repulsion.  This  section  outlines 
the  design  of  an  electromagnet  that  will  produce  the  necessary 
magnetic  field  in  the  experimental  tube. 

A radial  magnetic  field  will  be  produced  in  the  beam 
region  by  two  opposing  coils,  as  illustrated  in  Figs,  la  and  b. 
Each  coil  is  wound  in  three  electrically  insulated  sections. 

The  magnetic  field  can  be  shaped  by  adjusting  the  currents 
in  three  segments  and  by  shaping  t lie  center  pole  piece.  The 
two  coils  will  be  built  identically  and  corresponding  segments 
will  be  connected  externally  in  series  so  that  each  pair  will 
be  operated  as  a unit.  A cylindrical  pole  piece  around  the 
circumference  and  large  disks  at  each  end  of  the  cylinder 
section  hold  the  coils  in  place  and  provide  the  desired  flu\ 
paths. 

To  solve  for  the  magnetic  fields  inside  this  structure 
would  be  impractical  if  not  impossible  to  do  analytically. 
Therefore,  a numerical  technique  based  on  the  f i ni te - d i f ference 
method  is  used  for  the  solution  of  magnetic  fields.  In  the 
following  sections,  the  computer  program  for  electromagnet 
design  will  be  described.  Comparisons  between  the  theoretical 
results  and  the  measurements  will  be  presented. 
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B.  Deformable  fgesh  Electromagnet  Design  Program 

A l)e  1 o rmab  1 c\  Mesh  I;  1 ec  t romagnet  Design  Program  developed 
\ 

by  llol singer  of  Los\  Alamos  Scientific  Laboratory,  University 
of  California,  is  use\l  here  to  solve  the  magnetic  fields  for 
different  current  levels  in  the  three  coil  segments.  The  pro 
gram  is  based  on  a f i nt te- d i f ference  method  to  solve  Poisson's 
equation  as  described  by  Winslow.***  The  basic  technique  of 
solving  Poisson's  equation  is  quite  similar  to  the  electron 
gun  program  in  Section  I 1 \ i f all  the  electrostatic  symbols  are 
replaced  with  their  corresponding  magnetostatic  symbols. 

The  program  is  divided\  into  three  parts:  generat ion  of 

the  deformable  mesh,  solutiornof  Poisson's  equation  and  plotting 
of  the  results.  The  physical  'boundaries  and  currents  in  the 
coils  are  supplied  as  input.  Ine  output  consists  of  computer 
printouts  of  magnetic  fields  and\  Cal  comp  plots  of  mesh  and 
magnetic  flux.  The  results  can  by  saved  on  tape  or  disk  for 
restart.  \ 


C.  fabrication  of  the  Magnetic  FoQUsjjtg  Structure 

An  outline  drawing  of  the  magnetic  focusing  structure  is 

\ 

\ 

shown  in  Tig.  4a.  It  consists  of  a Venter  pole  piece,  an 
outer  cylinder  pole  piece,  two  end  disk's,  an  outer  ring  pole 
piece,  two  end  caps  for  the  center  pole  piece  and  three  pairs 
of  stainless  steel  spools  to  hold  the  coiMs. 

The  pole  pieces  and  end  disks  were  ntydo  from  magnetic 
materials.  Hot  rolled  steel  was  used  for  i\  s reasonable 
price  arid  high  permeability  and  saturation.  \Since  saturation 


would  be  expected  to  occur  first  at  the  center  pole  piece,  an 


annealed  iron  with  very  high  saturation  was  chosen  for  its 
fabrication.  A small  slot  was  machined  at  the  outer  cylinder 
pole  piece  to  allow  access  of  a magnetic  field  probe  and  the 
vacuum  pump  connection. 

The  wire  for  the  coils  was  It)  gauge  copper  magnet  wire. 
Between  the  layer  of  wire  and  the  stainless  steel  spool,  a 
mylar  sheet  was  inserted  for  better  electric  insulation. 

Mylar  sheets  were  also  placed  between  successive  layers  of 
wire  to  improve  the  alignment  and  guarantee  the  electric 
insulat ion. 

A thermocouple  was  embedded  at  the  center  of  the  second 
coil  to  allow  the  operating  temperature  to  be  monitored. 

, The  number  of  turns  and  the  resistance  in  the  three 

sections  of  each  coil  are  as  follows: 

Nj  = 930  turns  Rj  = 2.3  il 

N 7 = 1 , 2 80  turns  R7  = 8.0  12 

= 2,350  turns  R,  = 2 0.0  si 

hater,  it  will  be  shown  that  a current  level  of  I j = 3.4  A, 
I = 3.8  A and  I ..  = 2.7  A is  suitable  for  tube  operation.  With 
this  current  level,  the  power  dissipation  is  about  707  watts 
for  the  entire  focusing  structure.  The  temperature  at  the 
center  of  the  second  coil  ( i . e . , the  location  of  the  thermo- 
couple) remains  below  60°C  for  at  least  a half-hour  without 
additional  cooling  apparatus.  However,  the  coils  were  designed 
to  operate  safely  up  to  200°C. 

A photograph  of  the  focusing  structure  is  shown  mi 
Fig.  4b. 
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Shaping  the  Magnetic  lie  Ids 

Theoretically,  the  minimum  radial  magnetic  focusing  lield 

u 

B is  given  I rout  the  Brillouin  Mow  condition 
r 


V (it 


(dll 


where  t,:  is  the  Beam  plasma  frequency  and  is  the  magnet  ic 

cyclotron  frequency  (at  = n B r ) • This  condition  applies  t o 

radial  flow  under  the  assumption  that  each  electron  "sees"  the 

local  radial  direction  as  its  axis  of  rotation.  In  practice, 

a con f i ned- f 1 ok  field  of  twice  the  Brillouin  field  or  greater 

should  he  used  for  better  focusing,  particularly  under  Rl  con 

d it 'ons.  As  the  ideal  beam  spreads  radially,  its  density 

falls  in  proportion  to  1/R  (K  is  the  radius  and  ident  icnl  to 

r in  the  previous  sections),  w falls  as  1//R  and  thus  a mag 
1 p 

netic  field  falling  as  1//R  will  maintain  balanced  flow.  Ihe 
Brillouin  field  requried  to  focus  a beam  of  voltage  V,  and  cur 
rent  density  J(A/cm?)  is  1,47  2 J1/''/V^1/l'  (1 . for  a 1.2  kl«  atul 
1,000  V beam,  this  is  22  5 (1  at  the  cathode  surface.  Thus,  our 
goal  to  design  a nominal  maximum  of  2,000  (1  at  cathode  is  an 
ample  overdesign.  The  actual  minimum  magnet  ic  field  required 
to  focus  the  beam  will  be  determined  by  computer  simulation 
using  the  design  program,  as  wi 11  be  seen  in  the  next  sect  ion. 

I igure  5 shows  an  ideal  magnetic  field  falling  as  1 / /R 
with  a flux  density  ol  2,000  (i  at  the  cathode  (i.e.,  at 
R = 1 inch).  Also  shown  in  this  figure  are  the  results  of  the 
magnetic  field  calculations  for  coils  with  dilferent  current 
levels  in  three  segments  (3.4  A,  3.8  A,  2.7  A)  and  lor  coils 


with  the  same  current 


levels  in  three  sections  (2.1  A,  2.1  A, 


2.1  AJ.  The  first  value  inside  the  parenthesis  is  the  current 
level  in  the  coil  segment  closest  to  the  center  pole  piece. 

I he  center  pole  piece  is  not  shaped  for  these  calculations. 
Unless  otherwise  mentioned,  all  the  calculations  are  made 
under  the  assumption  that  p = <»,  where  p is  the  permeability 
of  the  magnetic  material. 

To  investigate  the  effect  of  shaping  the  center  pole 
piece,  a concave  surface  of  radius  of  curvature  0 . 8 inch  is 
machined  in  the  position  behind  the  cathode,  as  shown  in 
fig.  b.  The  computer  results  are  shown  in  lig.  7a  for 
current  levels  of  3.4  A,  3.8  A, 2.7  A as  well  as  the  results 
with  an  unshaped  pole  piece  for  comparison.  figure  71*  shows 
the  comparison  for  current  levels  of  2.1  A,  2.1  A,  2.1  A.  It 
is  interesting  to  note  that  shaping  the  center  pole  piece 
lowers  the  magnetic  field  in  the  cathode  region  but  does  not 
significantly  affect  the  far  zone  field.  In  order  to  maintain 
a high  magnetic  field  at  the  cathode  region,  it  was  decided 
not  to  shape  the  center  pole  piece. 

The  mesh  plot  and  the  magnetic  flux  plot  for  an  unshaped 
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f . Magnetic 

Field  Measurements 

The  magnetic  field  at  the  center 
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! Ill', 

z = 0 plane)  can  he  measured  easily  bv 
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inserting  a Mall-effect  probe  through  t lie  slot  at  the  outer 
cylinder  pole  piece.  With  the  annealed  iron  center  pole  piece 
to  be  used  later  in  the  experimental  tube,  experimental  results 
are  compared  with  theoretical  calculations  for  different  cur- 
rent levels  in  ligs.  10  through  15. 

for  low  magnetic  fields  (low  current  levels) , the 
agreement  between  the  computer  calculations  and  measurements 
is  excellent.  However,  as  the  current  levels  increase,  the 
gap  between  calculation  and  measurement  widens.  The  reason 
is  that  saturation  effects  at  the  center  pole  piece  inhibit 
the  increase  of  magnetic  field  along  the  center  line.  lor 
example,  the  theoretical  calculation  predicts  that  the  mag- 
netic field  strength  should  double  in  magnitude  as  the  cur- 
rent levels  increase  by  a factor  of  two,  as  shown  in  ligs. 

10  and  14.  But  the  measured  data  show  that  the  increase 
is  by  a factor  much  less  than  two.  If  the  annealed  iron  cen- 
ter pole  piece  is  replaced  by  mu-metal,  the  saturation  effect 
is  more  pronounced,  since  the  mu-metal  has  a much  lower  satur- 
ation magnetic  field  than  annealed  iron.  figures  lo  and 
17  show  the  measurements  with  the  center  pole  piece  of  dif- 
ferent materials:  the  mu-metal,  the  hot-rolled  steel  and  the 

annealed  iron.  The  results  show  that  the  hot- rolled  steel 
and  annealed  iron  have  almost  the  same  saturation  value,  but 
the  mu-metal  has  a much  lower  saturation. 

To  avoid  saturation,  it  is  important  to  begin  with  a 
high  saturation  material  for  the  center  pole  piece.  The  result 
may  be  improved  further  by  increasing  the  cross  sectional  area 
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of  the  center  pole  piece.  For  the  current  levels  used  in 
Fig.  15,  an  increase  of  diameter  from  1.0  to  1.5  inch  is 
sufficient  to  avoid  saturation.  However,  it  will  he  seen 
later  in  Section  IV  that  the  actual  magnetic  field  of 
Fig.  14  obtained  with  current  levels  of  3.4  A,  3.8  A, 

2.7  A will  he  strong  enough  to  focus  the  electron  beam  of 
1.2  A total  beam  current. 


K Cathode  Curvature  Calculat ion 

As  mentioned  in  Section  II,  the  deformable  mesh  tech- 
nique is  particularly  suitable  for  analyzing  configurations 
with  curved  cathode  or  grids.  In  order  to  improve  beam 
focusing,  t lie  field  can  be  shaped  correspondingly  so  that  the 
emitting  surface  is  approximately  normal  to  the  field  lines 
as  shown  in  Fig.  18.  The  radius  of  curvature  of  the 
cathode  may  be  determined  by  the  magnetic  fields  calculated 
or  measured. 

For  a symmetrical  focusing  structure,  only  radial  mag- 
netic field  components  exist  on  the  center  line.  Thus,  it 
can  be  seen  that  B„(r,()J  = 0.  F.xpand  B„(.r,z)  in  a lay  lor 
series  about  the  z = l)  plane  as 


B„ ( r , z ) 


all  ( r , 0 ) 


B,,  ( r , 0 J + 


I 22  ) 


Then  '<)B,  ( r ,0 ) / az  may  be  found  From  the  condition  V • B 0 in 
cv  1 i nd  r i ca 1 coordinates: 

1 D 9BZ 

= ‘ ( rB . ) + 

r <)  r r > z 


1 1 


V • B ( r , 0 ) 


0 


Subs  t i tilt  i ng 


into  I k| . 


Iq-  --•> 
It . 


11  shows  t hat 


br(rBrJ 


2 = 0 


( J 1 I 


I com  I ig.  18,  the  radius  of  curvature  ol"  cathode,  p , is 
give n.  by 


or 


( rB  ) 

¥7571  rB~ ) 


1 1 r. 


Here  B is  the  value  measured  on  the  axis  2=0  at  the  radial 
position  of  the  cathode. 

from  the  measured  results  given  in  Sections  II  I . I)  and  I , 
the  cathode  radius  of  curvature  calculated  from  fq.  1 :>  is 
usually  quite  large  (about  5.0  inches)  and  consequently  a 
flat  cathode  will  be  adequate. 


U.  Conclusions 

In  this  section,  an  electromagnet  design  computer  program 
was  described  and  applied  to  manipulate  the  radial  magnetic 
fields  in  an  effort  to  approximate  an  ideal  RBTWI  field  diape. 
The  measurements  agree  very  well  with  the  theoretical  results 
for  low  currents  and  low  magnetic  fields.  for  high  current 
levels,  saturation  of  the  center  pole  piece  restricts  the 
increase  of  magnetic  field.  A magnetic  material  with  higher 
saturation  or  a larger  cross  sectional  .area  must  be  used  lot 
the  center  pole  piece  if  a higher  magnetic  field  is  necessary. 

I he  cathode  radius  of  curvature  has  been  calculated  from  the 
magnetic  field  measured  and  found  to  be  large  enough  to  permit 


use  of  a flat  surface. 


The  results  wi II  be  used  in  the 
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A.  J nt  rod net  ion 

In  this  section,  a radial  beam  electron  gun  design 
through  computer  simulation  vv  i I I he  presented.  first  of  all 
it  is  necessary  to  determine  the  initial  parameters  of  the 
beam.  Prior  to  fabrication  of  the  141111,  the  shapes  and  pos  i 
tions  ol  the  electrodes,  cathode  and  anode  have  to  he  chosen 
and  optimized.  The  magnet ic  I 1 elds  obtained  in  Sect  ion  I I I 
for  different  current  level.-,  in  the  three  sections  of  coil 
will  he  evaluated  and  a final  current  level  will  he  selected 
for  operation  of  the  experimental  gun. 

The  objective  specifications  for  the  experimental  tube 
a re  as  fo I I ows  : 


frequency 

0.5  to  1 . P CH 

Beam  voltage 

1 ,000  V 

Beam  current 

1.2  A 

Beam  power 

1.2  k W 

Cathode  current  density 

0.7  to  2.5  A/ cur 

Cat  bode  rad  1 us 

1.0  in.  ( 2 . 5-1  cm  ) 

hengt h of  d r i ft  space  ( f 

rom 

cathode  surface  to  colic 

c t 0 r 

su  r face ) 

5.0  1 11 . ( 7 . (>2  cm  1 

Spacing  between  ceramic 

stibst  ra  t e 

0.05  in.  (0.127  c m ) 

In  the  following  section 

s,  the 

design  procedures  will 

In 

presented.  The 

effects  of 

geome t r i c pa rame t 1 

- 1 s will  be  d i s 

cussed.  figure 

10  shows 

t he  d e f i 11  i t i on s 0 f 

t hose  pa  1 a met  0 r 

1 he  vo i t ages  at 

cathode,  e 

lectrode  and  anode 

a re  snoc 1 f i od 

as  V , V and  V 
c e ; 

, , respect i 

v e 1 v . 

4 5 

The  experimental  tube  actually  built  was  based  on  the 
final  design  outl  ined  in  this  sect  ion. 

B . Beam- Filling  Factor  and  Cathode  Shape 

The  first  parameter  to  be  determined  in  the  election  gun 
design  is  the  beam-filling  factor.  A very  thin  beam  is  des i r 
able  to  give  good  transmission,  while  a thick  beam  improves 
RF  interaction.  Past  experience  with  0 type  guns  uggests 
a nominal  beam  filling  factor  of  about  0.5  or  a beam  thick 
ness  of  0.025  in.  for  a circuit  spacing  of  0.050  in.  The 
shape  and  height  of  the  cathode  are  the  two  primary  parameters 
which  affect  the  beam- filling  factor. 

figures  20  through  22  show  the  electron  trajectories 
for  a curved  cathode  with  height  of  0.040  in.  , a flat  cathode 
with  height  of  0.040  in.  and  a flat  cathode  with  height  of 
0.025  in.  1'he  magnetic  field  is  1,925  (I  at  the  cathode 
surface  and  decreases  ideally  as  1//R  a s shown  in  i ig.  25. 

Only  the  ton  half  of  the  gun  is  shown  here  since  the  bottom 
half  is  just  a mirror  image  of  the  top  half. 

Mesh  plots  corresponding  to  I igs.  20  and  22  are  shown 
in  Figs.  24a  and  b.  Other  parameters  used  in  these  calcu- 
lations are:  for  cathode,  V'  0 V;  for  focusing  electrode, 

c 

d | = 0.0075  in.,  Wj  0.01  in.,  hj  = 0.01  in.  and  V(>  - 0 V; 
fo r anode , d , = 0.1  in.,  w , - 0.01  in.,  it  , 0.01  in.  and 

V = 1,000  V. 

As  mentioned  in  Section  I II. I,  a flat  cathode  is  suitable 
for  the  present  magnetic  focusing  structure.  A comparison 
of  Figs.  20  and  21  makes  this  even  more  evident.  Figure  22 
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shows  that  a beam  filling  factor  of  0.5 
simply  by  using  a flat  cathode  with  height  of  0.025  in. 

i . Voltage  ami  Position  of  the  hocusing  Fleet  rode 

Once  the  cathode  size  and  shape  have  been  chosen,  the 

positions  of  the  electrodes  will  be  adjusted  to  obtain  the 

required  beam  current.  for  the  case  where  the  anode  is 

maintained  at  1,000  V and  placed  0.J  in.  from  the  cathode 

(i.e.,  in  fig.  10,  V.  = 1,000  V,  d7  = 0.1  in.,  w7  = 0.01  in. 

and  h,  = 0.01  in.),  the  cathode  current  density  and  total 

current  are  shown  in  Figs.  25  through  28.  In  these 

figures,  the  position  of  the  focusing  electrode  is  varied. 

The  other  parameters  are:  cathode,  unshaped , h = 0.025  in., 

V = 0 V;  electrode,  w.  = 0.01  in,  h.  = 0.01  in.  and  V = 0 V. 
e ’1  ’1  e 

The  magnetic  field  is  not  important  since  it  has  litt  le  or 
no  effect  on  the  cathode  current  density. 

It  is  interesting  to  note  that  the  current  is  very 
sensitive  to  the  position  of  the  focusing  electrode.  As  the 
electrode  moves  closer  to  the  cathode,  the  current  increases 
sharply  as  expected.  The  design  without  a focusing  electrode 
results  in  a very  high  current  as  seen  in  Fig.  28.  With 
no  electrode  to  shield  the  effects  of  the  anode,  the  electric 
field  at  the  cathode  is  very  high. 

Obviously,  the  position  of  the  focusing  electrode  has 
to  be  precisely  machined  in  order  to  control  the  required 
beam  current. 

I he  beam  current  is  also  very  sensitive  to  the  voltage 
of  the  focusing  electrode.  With  the  voltages  and  geometries 
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of  cathode  and  anode  left  unchanged  and  the  electrode  placed 


at  dj  = 0.01  in.,  cathode  current  density  plots  correspond 
i ng  to  electrode  voltages  of  50  V and  -50  V are  shown  in 
figs.  d0  and  50  lor  comparison. 

1) . Voltage  and  Position  of  the  An o d e 

From  Chi  Id's  law,  it  is  evident  that  the  cathode  current 
wi 11  rise  as  the  anode  voltage  is  increased  or  as  the  anode 
is  moved  toward  the  cathode.  figures  51  through  51 
confirm  this.  In  Figs.  51  and  52,  the  parameters  used 
are:  for  cathode,  flat  with  height  h = 0.025  in.  and 

V^.  = 0 V;  for  electrode,  dj  = 0 in.,  Wj  = 0.0  1 in., 

h , = 0.01  in.  and  V = 0 V;  for  anode,  d,  = 0.1  in.  for 

fig.  51  and  0.16  in.  for  Fig.  52,  w.,  = 0.01  in., 

h,  = 0.01  in.  and  V = 1,000  V.  In  figs.  55  and  51 

L.  cl 

the  following  parameters  are  used:  for  cathode,  flat  with 

height  h = 0.025  in.  and  V =0  V';  for  electrode,  d.  0.01 
in.,  Wj  = 0.01  in.,  Iij  = 0.01  in.  and  V ‘ 0 V;  for  anode, 
d,  = 0.1  in.,  w,  = 0.01  in.,  h,  = 0.01  in.  and  V '.>00  V 

in  Fig.  55  and  1,100  V in  lig.  54. 

f.  Cun  Design  I 

from  the  discussions  in  Sections  IV. B through  IV. D,  a 

final  design  for  an  electron  gun  with  required  current  den 

sity  and  total  beam  current  may  he  selected  as  follows: 

for  cathode  flat  surface, 

h = 0.025  in., 

V = 
c 
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for  focusing  electrode  dj  = 0.01  in., 

w j = 0.01  in., 
h j = 0.01  in., 

V = 0 V, 
e 

for  anode  d = 0.1  in., 

w , = 0.01  in., 
h 2 = 0.01  in., 

V = 1,000  V. 
a 

The  cathode  current  density  distribution  of  this  design 
is  shown  in  Fig.  25.  The  total  current  is  1.28  A and  the 
perveance  is  40  ppervs.  If  an  ideal  magnetic  field  of 
2,000  G is  used  at  the  cathode  and  varied  as  1//R  as  shown 
in  Fig.  35,  the  equipotent i al  plot  in  Fig.  3b  and  the 
trajectories  plot  in  Fig.  37  are  obtained.  Figures  38 
through  40  show  the  beam  current  density  at  three  different 
distances  from  the  cathode. 

1 . Beam  Focusing  and  Magnetic F ic 1 d 

As  described  in  Section  111,  the  radial  magnetic  fields 
along  the  center  line  were  measured  for  various  current  levels 
in  the  three- sect  ion  coils.  The  particular  current  levels 
most  suitable  for  final  tube  operation  were  determined  through 
computer  simulation. 

Theoretically,  a high  magnetic  field  varying  as  1//R 
is  desirable  for  focusing  the  beam.  Using  the  specifications 
of  Gun  Design  1 as  described  in  the  last  section,  the  trajec- 
tories of  electrons  for  different  applied  magnetic  fields 
are  shown  in  Jigs.  41  through  44. 
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peak  of  fluctuation  of  the  beam  shifts  to  the  right  (i.e., 
away  from  the  cathode)  as  the  magnetic  field  decreases.  The; 
reason  is  due  to  the  change  of  the  cyclotron  frequency  which 
is  proportional  to  t he  magnetic  field.  No  magnetic  field 
is  applied  in  I i g . 41.  The  magnetic  fields  used  in  Figs. 

42,  43  and  44  are  500,  1,000  and  2,000  C at  the  cathode, 
respectively,  and  vary  as  1//R.  It  is  seen  that  a well 
focused  beam  is  achieved  in  I'ig.  44. 

In  practice,  it  Is  difficult  to  design  the  coils  to 
give  precisely  a chosen  field  shape.  Furthermore,  the 
saturation  of  the  center  pole  piece  lowers  the  magnet ic 
field  in  the  cathode  region.  In  order  to  confirm  whether 
any  of  the  magnetic  fields  actually  obtained  were  soil 'cient 
to  focus  the  beam,  it  was  decided  to  conduct  a thorough  com 
puter  analysis  extending  all  the  way  from  t lie  cathode  to  the 
collector.  Figures  45  a and  b show  the  computer  results 
for  the  complete  trajectories.  The  magnetic  field  values 
actually  measured  were  used  as  input.  The  magnet ic  I ield 
used  for  Fig.  45a  is  that  produced  by  current  levels  of 
1.7  A,  l . <J  A,  1.35  A in  the  coils  and  is  plotted  in  Fig. 
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i s 

s hown 

in  fig.  11 

and 

was  obtained  with 

current  level 

s o 

f 3.4 

A , 3 .8  A , 

2.7  \. 

It  is  i n t e r es t i ng 

to  note  that 

t he 

beam 

con ve rges 

as  it 

approaches  the  co 

1 lector. 

On  the  basis 

of  these  plot 

■ » 

i t was 

cone  1 uded 

t ha t the 

magnetic  field  generated  by  the 

cu r rent 

1 e v e I s of 

3.4  A, 

3.8  A,  2.7  A in  the  three  sections 

o f c o 

i 1 is  enough  t o 

focus  the  beam. 


-77- 


H I AM  TRA.J  ECTOR I liS  PLOT  FOR  A MAGNETIC  FIELD  WITH  CUR  - 
RINT  LEVELS  IN  TURK  I:  SECTIONS  OF  COIL  AS  1 7 A 1 " A 
I . 3 5 A . .... 


inch 


C.  Gun  Design 1 I 

Because  the  wires  used  in  the  electrode  and  anode  of 
Design  1 would  have  been  very  difficult  to  embed  firmly  in 
the  grooves  of  the  dielectric,  it  was  decided  to  use  thin 
molybdenum  strips  in  their  place.  The  fact  that  the  effects 
of  such  a late  design  change  could  be  so  readily  determined 
clearly  demonstrates  the  value,  power  and  economy  of  computer  - 
aided  design  techniques.  The  parameters  for  this  new  design 
are  as  follows: 

for  cathode  flat  surface, 

h = 0.025  in., 

V = 0 V, 

c ’ 

for  focusing  electrode  d^  = 0.01  in., 

Wj  = 0.01  in.  , 

li  j = 0.04  in., 

V = 0 V, 

c ’ 

for  anode  d , - 0.1  in., 

w ^ = 0.01  i n . , 

h^  = 0.04  in., 

V = 1 ,100  V. 

a * 

V = 1,000  V was  used  for  the  initial  calculation.  However, 
the  predicted  total  current  was  too  low  (about  1 A)  to  pro- 
duce the  desired  beam  power.  It  was  determined  that  raising 
the  anode  voltage  to  1,100  V would  increase  the  total  cur- 
rent to  1.15  A and  result  in  a satisfactory  power  level. 

Figure  46  shows  the  cathode  current  density  for  this  design. 
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I lu>  t i .i  ject  in i es  out  to  R = 1.2S  in.  using  the  magnetic 
I ii  IJ  ol  lig.  14  with  current  levels  of  3.4  A,  3.8  A,  2.7  A 
are  hown  in  I ig.  47.  IVe  would  expect  the  trajectories 
hwond  K 1.23  in.  to  be  similar  to  those  of  fig,  45b 
lei  nu  c tiie  same  coil  current  levels  were  applied  and  the 
two  beam  currents  are  nearly  the  same. 

II . Cone  1 us  i on s 

A radial  beam  electron  gun  lias  been  designed  for  opera- 
tion at  a power  of  approximately  1.2  klV.  The  effects  upon 
the  beam  current  of  various  geometries  and  voltages  of 
cathode,  anode  and  electrodes  were  investigated.  It  was 
found  that  the  beam  current  is  very  sensitive  to  the  posi- 
tion and  voltage  of  the  focusing,  electrode  and  is  somewhat 
less  sensitive  to  the  position  and  voltage  of  the  anode. 
Therefore,  the  beam  current  may  be  controlled  by  appropriate 
adjustments  to  the  voltage  and  position  of  the  focusing 
electrode  and  anode.  The  magnetic  field  has  no  effect  on 
the  beam  current  but,  of  course,  is  essential  to  the  focus- 
ing of  the  beam . 
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SECTION  V.  FABRICATION  OF  RADIAL-BEAM  ELECTRON  CIJN 


A_. In  trodueti  on 

The  objective  of  tlic  experimental  program  is  to  produce 
a gun  with  good  beam  transmission  based  on  the  computer 
simulation  results.  It  is  important  that  the  design  be  as 
flexible  as  possible  so  that  modifications  can  be  made  easily. 

The  fabrication  of  the  cathode,  heater,  focusing  elec- 
trodes, anodes,  ceramic  plates,  collectors  and  vacuum 
chamber  will  be  discussed  in  the  following  sections.  Photo- 
graphs of  these  components  are  shown  in  Figs.  48  through 
52.  All  dimensions  follow  Cun  Design  II  of  Section  IV. 

B.  Cathode  and  Heater 

The  cathode  was  made  from  a nickel  ring  coated  with 

11  12 

an  admixture  of  barium,  strontium  and  calcium  carbonates.  ’ 
Hydrogen  and  vacuum  firing  was  done  just  before  coating.  The 
cathode  is  indirectly  heated  by  means  of  a tungsten  wire 
coil  and  is  capable  of  providing  a current  of  up  to  3 A/cm7 
with  a two  percent  duty  cycle  at  an  operating  temperature 
of  850°C  to  900°C.  However,  during  cathode  activation,  it 
is  necessary  to  raise  the  temperature  of  the  cathode  to 
approximately  1,100°C  for  short  periods  (up  to  30  seconds) 
at  intervals  of  several  minutes  in  order  to  assure  complete 

11.  IV.  11.  Kohl,  Materials  and  Techniques  for  Electron  Tubes, 
Reinhold  Publishing  Corp . , NY;  i960 . 

12.  F.  Rosebury,  Handbook  of  Electron  Tube  and  Vacuum  Tech- 

n i (pics , Addison  Wesley  Publishing  Co.,  Reading,  MA;  l!>(>5. 
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conversion.  ^ The  maximum  chemical  change  from  carbonate 
to  oxide  occurs  in  the  neighborhood  of  9 0 0 ° C ; the  1 , 1 0 0 ° tl 
temperature  is  applied  in  order  to  assure  complete  conver- 
sion of  the  coating,  especially  at  the  ends  or  edges  of 
the  cathode  surface,  where  radiation  losses  are  greater 
than  in  the  middle. 

The  cathode  has  a height  of  0.025  in.  and  a diameter 
of  1.972  in.  which  expands  to  2.00  in.  at  operating  temper- 
ature. A rectangular  trough  was  machined  into  the  nickel 
ring  supporting  the  cathode  (see  Fig.  53)  and  the  tungsten 
wire  of  0.011  in.  diameter  was  embedded  inside  it.  The 
cathode- heater  assembly  was  sandwiched  between  two  annular 
pieces  of  ceramic  (see  photograph  of  ceramic  rings  in  Fig. 
48)  as  shown  in  Fig.  53.  Since  the  nickel  base  might 
expand  by  0.014  in.  in  radius  at  operating  temperature, 
space  was  left  to  accommodate  expansion  without  cracking 
the  ceramic.  A tantalum  foil  was  placed  over  the  heater 
trough  of  the  nickel  ring  to  minimize  radiation  heat  loss 
to  the  ceramic.  Some  tantalum  strips  were  wedged  between 
the  nickel  ring  and  the  ceramic  supports  to  hold  the  ring 
in  its  concentric  position  prior  to  cathode  activation  and 
testing.  As  the  cathode  expands,  the  tantalum  foil  com- 
presses together  leaving  room  for  expansion. 

In  order  to  confine  heat  to  the  cathode  and  minimize 
leakage  to  the  ceramic  plates,  only  a small  part  of  the 
ceramic  ring  was  allowed  to  contact  the  cathode-heater 
assembly.  This  was  accomplished  by  machining  three  legs 
in  each  of  the  ceramic  support  rings. 
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The  heater  was  connected  as  shown  in  Tig.  54. 


He  To  re 


installation  in  the  prototype  RBTlv’T , an  identical  cathode 
heater  assembly  was  tested  and  proven  to  have  the  capability 
of  producing  a cathode  temperature  of  1 ,1  1S°(1.  At  t h i s 
temperature  a heater  voltage  and  current  of  17  V and  8.8  A 
(i.e.,  about  1 S 0 h'J  were  required  from  the  at  power  supply. 
The  test  results  of  cathode  temperature  versus  heater  power 
arc  shown  as  follows: 

IlliATliR  P01VT.R  VS.  CAT1I0DT.  TbMPTRATU RT 
1 1 eater  Power  ipp 1 y 

Voltage  Current  Power  Cathode 

(V) (A)  _ (IV ) Temperature 

5 3.8  19.0  Dull  Radiation 

10  7.0  70.0  80  S °C 

12  7.4  88.8  yi5°C 

15  8.2  123.0  1,000°C 

16  8.5  136.0  1 , 075°C 

17  8.8  14  0.6  1 , 1 1 5 ° C 

The  resistance  measured  at  the  heater  lead  posts  was 
0.25  il  at  room  temperature.  The  heater  was  insulated  from 
the  cathode  by  coating  it  with  a layer  of  Alundinn.  As 
depicted  in  Tig.  54,  the  heater  was  wound  in  two  sections 
in  parallel  electrically. 

C . focus i ng  T 1 ec t rode  a n d Anode 

As  mentioned  earlier  in  Section  TV,  the  round  wire  type 
electrodes  would  have  been  difficult  to  hold  in  position 
inside  the  ceramic  ring.  Therefore  a ribbon- type  wire  was 


used  as  shown  in  Fig.  53.  The  computer  results  are  shown 
in  Gun  Design  II  of  Section  IV. 

Since  the  distance  between  the  cathode  and  focusing 
electrode  is  very  critical  to  the  control  of  the  beam  cur- 
rent, the  machining  tolerance  plays  a very  important  role 
here.  Also,  the  heat  expansion  of  the  cathode  nickel  base 
had  to  be  considered  before  the  grooves  for  the  electrode 
and  anode  were  machined. 

A photograph  of  the  el cctrode- anode  assemblies  is 
shown  in  Fig.  48. 

D Ceramic  Plates 

Corning  machinable  glass-ceramic  (MACOR  Code  9658) 
with  a dielectric  constant  of  5.92  was  used  for  the  insu 
lating  substrate  that  enclosed  the  beam.  The  material  is 
readily  machinable  with  ordinary  tools  and  is  easily 
polished.  Two  pairs  of  plates  with  diameters  of  9.1  in. 
and  2.924  i'i v.  , respectively,  were  cut  and  ground  to  a 
thickness  of  0.125  in.  It  was  intended  that  the  small 
plate  (or  ring)  be  readily  replaceable  if  t he  dimensions 
of  cathode,  electrode  or  anode  have  to  be  changed. 

In  place  of  the  spiral  RF  circuit,  a conducting  sur- 
face was  coated  on  the  large  diameter  disk  surfaces, 
adjacent  to  the  beam  region,  in  order  to  provide  proper 
dc  effects.  This  consisted  of  a chrome  layer  of  about 

O 

1,000  A,  deposited  by  evaporation  techniques,  followed  b) 

O 

a 70,000  A gold  layer  deposited  by  electroplating. 

Figure  49  shows  the  large-diameter  ceramic  plate  and 


its  conducting  surface. 


Co  1 1 ec  t o r 


The  collector  consists  of  four  machined  copper  ring 
segments  extending  around  the  circumference  of  the  drift 
region.  As  shown  in  lig.  55,  the  collector  has  a groove 
of  width  0.050  in.  (the  spacing  between  the  ceramic  layers) 
and  a depth  of  0.275  in.  A gap  separated  the  collector 
from  the  enclosing  chamber,  providing  electrical  i sol  at  ion 
from  all  other  tube  components  so  that  (1)  the  collector 
potential  could  be  depressed  and  (2)  the  collector  current 
could  he  measured  separately  from  the  currents  due  to  pre 
vious  beam  interception.  I ach  of  the  four  angular  segments 
was  electrically  isolated.  This  was  to  enable  a straight 
forward  measurement  of  the  angular  symmetry  of  the  radial 
beam  by  comparison  of  the  currents  collected  in  the  seg- 
ments. One  slot  between  two  of  the  segments  was  enlarged 
slightly  to  allow  connection  to  the  vacuum  pump  and  probe 
access  for  possible  future  measurements.  The  collector 
and  cathode  rings  maintain  the  0.050  in.  spacing  between 
the  two  ceramic  plates. 

Three  precautions  were  taken  to  minimise  secondary 


ion  at 

the  col 

I ec  t o r 

d ue 

to  bean 

i bomba rdmen t : 

1 . The 

inside 

of  the 

c o 1 

lector 

groove  was  coated  with 

a colloidal  suspension  ol  graphite  in  water  (Apuadag).  The 
resulting  carbon  layer  would  reduce  the  secondary-emission 
coefficient  from  1.3  to  about  0.5. 

2.  The  end  of  the  groove  was  machined  and  angled  to 
deflect  secondaries. 
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3.  The  collector  groove  was  made  five  times  deeper 
than  its  width  in  order  to  trap  most  secondary  electrons. 

The  collector  is  shown  in  Figs.  48  and  51. 

1 . Vacuum  Chamber 

The  vacuum  chamber  contains  the  electron  gun  assembly 
and  was  fabricated  from  two  10.35  in.  diameter  aluminum 
disks,  one  1.25  in.  thick  and  the  other  0.625  in.  thick. 

As  in  Fig.  5<) , a 9.1  in.  diameter,  0.625  in.  hollow  was 
machined  in  the  thicker  of  the  pieces,  thus  producing  a 
trough  to  contain  the  electron  gun. 

A rectangular  groove  was  machined  around  the  edge  of 
one  piece  to  hold  the  Viton  0-ring  which  provided  the 
vacuum  seal.  This  type  of  seal  was  selected  for  this  pro- 
totype RBTWT  to  permit  rapid  access  to  the  electron  gun  for 
modification  purposes. 

The  center  pole  piece  was  inserted  through  one  inch 
diameter  holes  in  the  center  of  each  half  of  the  vacuum 
chamber.  Again,  the  vacuum  seal  was  accomplished  with 
Viton  0- rings  installed  around  the  center  pole  piece. 

A small  hole  was  machined  at  one  end  of  the  vacuum 
chamber  precisely  at  the  collector  ring  level  to  accept 
the  flanged  connection  to  a conventional  vacuum  pump.  The 
same  aperture  would  allow  the  device  to  be  connected  to  a 
beam  analyzer. 

Sealed  feedthroughs  were  installed  on  the  wall  of  the 
vacuum  chamber  for  the  connections  to  the  various  electrode 
and  heater. 
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A photograph  of  the  vacuum  chamber  can  he  found  in 
I igs.  50  or  52. 


SECTION  VI. 


TEST  OI;  i:\IM  R I Ml  NT, \l.  TlJI’.i: 


A . Txpc r i mcnta  1 Setup 

The  vacuum  chamber  containing  the  elect  ron  gun  was 

first  tested  to  determine  vacuum  tightness  before  it  was 

mounted  inside  the  magnetic  focusing  structure.  for  the 

series  of  static  test.->,  the  experimental  lube  was  mounted 

on  a vacuum  pumping  system.  When  the  proper  vacuum  bad 
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been  achieved  (less  titan  10  Tort),  1 lie  cathode  was  acti- 
vated (as  indicated  by  a sudden  pressure  increase  at  a 
cathode  temperature  of  approximately  900°C).  The  various 
electrodes  were  connected  to  their  respective  power  supplie 
after  the  activation  process  had  been  completed. 

All  measurements  iverc  to  be  taken  with  the  tube  operat 
ing  in  a pulsed  mode  to  minimize  the  heat -d i ss ipat i on 
requirements.  The  currents  in  the  anode,  the  simulated 
RT  circuit  planes  and  each  of  the  four  collector  segments 
were  closely  monitored  by  measuring  the  voltage  across  low 
value  resistors  placed  between  each  electrode  and  ground. 
Oscilloscopes  were  used  to  measure  the  currents  for  pulsed 
mode  operation.  Since  it  would  have  been  difficult  to 
ensure  electrical  isolation  between  the  heater  and  cathode 
at  high  voltage  levels,  one  of  the  heater  leads  was  con 
nccted  to  the  cathode.  An  isolated  ac  power  supply  was 
used  to  energize  the  heater  and  a high  voltage  pulse  gen 
crator  was  used  to  apply  the  voltage  pulses  between  the 
grounded  electrodes  and  the  isolated  cat hodc- heat  or  assembl 


The  pulse  generator  has  the  capability  of  providing  0.1 
percent  to  2 percent  duty  cycle  pulses  over  a range  of 
0 V to  2 KV. 

The  test  setup  is  shown  in  I ig.  57  and  a photograph 
is  g i ven  in  I i g . 58 . 

B .  Pi scuss i on  of  the  Problems 

The  experiment  failed  to  provide  significant  results 
due  to  the  following  problems: 

1.  One  of  the  heater  wires  was  broken;  thus,  only- 
half  of  the  cathode  was  activated  and  operated. 

2.  Nickel  particles  evaporated  from  the  cathode 
and  deposited  on  the  ceramic  surface  between  the  cathode 
and  anode.  This  thin  film  of  nickel  constituted  a current 
path  between  the  cathode  and  anode  when  a negative  high 
voltage  was  applied  to  the  cathode. 

3.  Leaks  developed  in  the  vacuum  equipment  after  the 
cathode  had  been  activated. 

The  first  problem  occurred  shortly  after  t he  heater 
had  been  energized.  The  other  problems  occurred  several 
hours  later  during  an  extended  pump-down  for  the  purpose  of 
degassing  the  tube.  Unfortunately,  corrective  action  and 
testing  was  not  possible  within  the  scope  of  the  contract. 

C.  Roc ommend ed  Solutions  to  the  Probl e m s 

Although  time  and  budget  did  not  allow  continuation 
of  the  experimental  measurements,  some  modifications  have 
been  devised  to  eliminate  the  problems  encountered. 
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A larger  diameter  heater  wire  should  be  used.  Ixamin 
ation  of  the  failed  heater  showed  some  necking  down  had 
occurred  at  the  point  of  connection  to  the  heater  lead. 

It  is  believed  this  led  to  the  subsequent  failure.  Most 
of  the  leakage  appeared  to  be  in  the  vacuum  connections 
external  to  the  tube  and  are  easily  eliminated.  However, 
all  feedthroughs,  connections  and  joints  should  receive  a 
coating  of  sealant  as  added  protection  against  leakage  at 
high  operating  temperatures. 

It  is  difficult  to  prevent  the  deposit  of  nickel 
particles  on  the  ceramic  surface  around  the  cathode  area. 
However,  machining  several  grooves  in  the  ceramic  ring 
around  the  cathode  would  insert  discontinuities  in  t lie 
thin  film  connection  between  the  cathode  and  anode.  figure 
59  shows  this  technique  with  two  grooves. 

D . Cone  1 us i ons 

Although  the  initial  test  did  not  provide  useful 
experimental  results,  a great  deal  of  valuable  experience 
was  gained  during  the  fabrication  and  measurement  procedures. 
It  is  believed  that  the  modifications  described  above  would 
allow  successful  completion  of  the  test.  This,  in  turn, 
would  provide  verification  of  the  computer  predictions. 
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SECTION  VII. 


CONCLUSIONS  AND  RECOMMI NDAT  I ONS 


LOR  EUTURE  STUDY 


A .  I nt  roduc  t i on 

The  work  reported  in  the  preceding  sections  is  reviewed 
briefly  here  and  the  results  arc  summarized.  Some  recommen- 
dations for  future  study  arc  outlined. 

B .  Summary  o f this  Study 

This  study  developed  practical  designs  for  prototype 
versions  of  an  electromagnetic  focusing  structure  and  a 
radial  beam  traveling-wave  tube  electron  gun.  Compute  i 
simulations  were  used  to  develop  both  the  electromagnetic, 
focusing  structure  design  and  the  electron  gun  do-  ign. 

With  the  Deformable  Mesh  Electromagnet  Design  Program, 
the  magnetic  field  has  been  calculated  and  shaped.  The 
results  have  been  confirmed  by  measurement  and  supplied  a 
the  input  data  to  the  gun  design  program. 

A Deformable  Mesh  Radial  Beam  Electron  Cun  Design 
Program  has  been  developed  by  SAI  and  served  as  a funda 
mental  tool  for  the  gun  design.  The  program  was  utilized 
to  analyze  practical  electrode  shapes  and  determine  optimum 
positions.  The  effects  of  cathode  geometries  and  various 
electrode  voltages  on  the  beam  current  have  also  been 
investigated.  It  was  found  that  the  beam  current  is  very 
sensitive  to  the  position  and  voltage  of  the  focusing  elec- 
t rode . 

A final  design  with  a well  focused  beam  has  been  recoin 
mended  and  an  experimental  tube  built.  The  limited  contract 
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period  did  not  allow  sufficient  time  to  carry  out  a success 
ful  experiment. 

( 1 Recommend  at  i ons  for  I •'  uture  Study 

There  are  several  interesting  areas  where  it  is  felt 
that  further  theoretical  and  experimental  study  would  he 
beneficial  in  the  development  of  the  RBTIVT. 

The  most  important  of  these  is  the  development  of  a 
large-signal  analysis  program  which  treats  both  uniform 
and  nonuniform  magnetic  field  distributions.  The  analysis 
developed  by  Kooyers  and  Shaw*  lias  limited  application  since 
it  treats  only  one  particular  type  of  beam  flow  which  is  in 
a uniform  magnetic  field. 

Another  area  of  interest  is  a study  of  the  feasibility 
of  using  permanent  magnets  for  the  RBTIVT  focusing  structure 
in  order  to  reduce  weight.  A Deformable  Mesh  Permanent 
Magnet  Design  Program  similar  to  that  described  in  Section 
111  should  be  developed  for  this  purpose. 

finally,  an  electrostatically  focused  beam  may  be 
worthy  of  investigation,  especially  for  higher  operating 
frequencies.  At  higher  frequencies,  the  physical  length 
of  the  drift  region  can  be  reduced  drastically.  Therefore, 
even  without  the  magnetic  field,  the  electron  beam  may  be 
able  to  reach  the  collector  before  being  intercepted.  Ibis 
is  further  evident  from  fig.  41  which  shows  that  the 
electron  beam  is  not  intercepted  in  a short  distance  even 
without  the  focusing  magnetic  field.  Computer  analyses  should 
be  conducted  to  determine  the  feasibility  of  electrostatic 
electron  gun  development  for  high  frequency  tubes. 
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